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Meteoroid environment models: MEM
Meteoroid impact crater on shut-
tle window. Image provided by
the NASA/JSC Hypervelocity Impact
Technology (HVIT) Team.
I Meteoroid impact damage
depends on:
I mass
I velocity
I impact angle
I density
I We are revisiting each of
these components for the
next version of our
Meteoroid Engineering
Model (MEM).
Meteoroid environment models: MEM
I Based on Jones SporMod model
I Has 4 populations derived from short-period, long-period,
Halley-type, and asteroidal parents.
I Based on CMOR meteor obs. and Helios zodiacal light meas.
Meteoroid environment models: PRISM
I We are considering the
Wiegert et al. (2009)
dynamical model for
MEMR3.
I Links environment to a
few comets rather than
entire population
I Tuned to match CMOR
observations
I Predicts a faster speed
distribution for more
sensitive radars
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Fig. 10. The flux of meteors above certain ionization thresholds. An ionization value
of unity corresponds to CMOR or the HRMP, 0.01 is the limit for ALTAIR VHF (Hunt
et al., 2004; Campbell-Brown, 2008).
butions (uncorrected) have two peaks of similar magnitude at
∼30 km/s and ∼55 km/s (Galligan and Baggaley, 2004).
The contradictory findings could be associated with the unique
observing biases associated with the different radars. In fact, it has
already been shown (Hunt et al., 2004; Close et al., 2007) that a
careful accounting for instrumental effects can diminish the dis-
crepancy in the measured velocity distribution, though differences
remain (Janches et al., 2008).
Here we will show that much of the difference can be at-
tributed to the simple fact that the two techniques, because of
their different sensitivities, are measuring two populations with
different velocity distributions, and thus one would not expect
their measurements to match.
Fig. 10 shows the model velocity distribution at an ionization
threshold of 1 unit and 0.01 units. The first value is the detection
cut-off for the CMOR and HRMP (Harvard Radio Meteor Project;
Sekanina, Z., Southworth, R.B., 1975. Physical and dynamical stud-
ies of meteors. Meteor-fragmentation and stream-distribution stud-
ies. Technical report; Taylor, 1995; Taylor and Elford, 1998) trans-
verse scatter radars (Campbell-Brown, 2008). The second is the
limit we assume for the radial scatter radars, based on that of
ALTAIR since a determination of its ionization limit as expressed
here has been published (Hunt et al., 2004). The two distribu-
tions differ in just the way they are reported to in the literature.
Our model predicts that radial scatter radars should see a veloc-
ity distribution with a large high velocity component, while the
transverse scatter radars should see a more evenly bimodal distri-
bution. We note here that the model distributions of Fig. 10 do not
include any sophisticated analysis of the biases of a specific tech-
nique or instrument, except for different ionization cutoffs. Thus
we conclude that much of the disagreement between radial and
Table 2
The dominant model components of each of the traditional sporadic sources at two
ionization cutoffs. The fraction column shows the percentage of each source which
is contributed by the dominant parent.
Source Ion. > 1 Ion. > 0.01
Parent Fraction Parent Fraction
Total 2P 30% 55P 78%
Anti-helion 2P 94% 2P 80%
Helion 2P 95% 2P 82%
N. apex 55P 50% 55P 96%
S. apex 109P 39% 55P 95%
N. toroidal 66008 35% 2003 QQ47 58%
S. toroidal 12P 25% 8P 25%
Other 8P 21% 55P 23%
transverse radar results can be attributed to their sampling of dif-
ferent populations of meteoroids with inherently different velocity
distributions. The underlying physical cause will be discussed in
more detail in Section 5.4.
5.4. Strongest contributors to the sporadic sources
One question our model can answer is: which are the dominant
contributors to the sporadic meteoroid complex at the Earth? This
depends quite strongly on one’s observational technique. Table 2
shows the dominant contributors in terms of number of meteors
per unit time down to ionization limits of 1 and 0.01 units. At
the higher threshold more relevant to transverse scatter radar and
visual detection we see that 2P/Encke is the overall leader pro-
ducing fully 30% of all meteors. The lower threshold produces a
completely different result, as now 55P/Tempel–Tuttle dominates
with a strong majority of 78% of the total meteor flux by number.
This is of course at the heart of the different velocity distributions
seen by transverse and radial scatter radars (Section 5.3).1
Transverse scatter radars see a sporadic meteor sky where
2P/Encke is the largest contributor, producing 30% of all meteors,
thus the helion/anti-helion sources are prominent. Radial scatter
radars see a sky dominated by 55P/Tempel–Tuttle, which produces
about 4 of every 5 meteors above their ionization threshold. Thus
radial scatter radars should measure a velocity distribution heavy
in high-velocity meteors. As well, weak (but not absent) anti-
helion/helion sources and a dominant apex source with central
condensations within it are precisely what our model would pre-
dict radial scatter radars would observe, and all are consistent with
observations (Chau et al., 2007).
It is probably worth noting here that the dominance of these
two comets in producing the sporadic complex sheds much doubt
on the standard hypothesis (one we made ourselves in the con-
struction of this model) that the sporadics are supplied by the gen-
eral cometary population as a whole. It seems that they are rather
the products of a small number of comets with high-transfer eﬃ-
ciencies to near-Earth space.
5.5. The ring
One feature of the sporadic meteors recently observed by CMOR
is the presence of a ring centered on the Earth’s apex with a radius
of approximately 55◦ (Campbell-Brown, 2008). The ring is much
weaker than the traditional sporadic sources and varies in strength
throughout the year.
1 We remind the reader again that 2P/Encke represents itself as well as three
other comets in the model. As a result, our model can only attribute this flux to
2P/Encke and its bin members (73P/Schwassmann–Wachmann, 141P/Machholz and
169P/NEAT) representing the lowest perihelion and smallest semimajor axis JFCs.
(See Table 1.)
Meteoroid environment models: ZoDy
I Nesvorny´ et al. developed a model based on IRAS zodiacal
light measurements
I They attribute the bulk of the environment to
helion/antihelion particles coming from JFCs
– 40 –
Fig. 11.— Radiants for I∗ = 0 (a) and I∗ = 0.003 (b). The model parameters used here are
the same as in Fig. 10. The gray scale shows the radiant density that was normalized to 1
at its maximum. The dashed rectangles in both panels show our radiant selection criteria
defined in Section 2.6.
Meteoroid environment models: ZoDy
I Nesvorny´ et al. predict a meteoroid speed distribution that is
sharply skewed towards slow material
I They also predict that the speed distribution is a function of
the “ionization cutoff”, but in the opposite direction
I (The form of this cutoff is a bit out-of-date, as I’ll show here)
Correcting to a limiting mass
q ∝ mavb, flux ∝ m−α → N>mref = Nv−bα/a (Taylor, 1995)
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Ionization efficiency
I Jones (1997) predicts
q 6∝ vb
I Experiments confirm
this for iron
(Sternovsky, 2015)
I CMOR detections
show a “cliff” near
9.5 km/s
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Ionization efficiency
I We used Jones (1997)
to debias CMOR’s
speed distribution in
Moorhead et
al. (2017)
I Corrected v0 values
and adjusted
coefficients
accordingly
I Added Na to the list,
but didn’t find it to
be terribly significant
(Janches et al. did
the same thing in
parallel)
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Attenuation effects
I Initial trail radius effect
I Depends on meteor height and speed
I Depends on radar wavelength
I Correction: Ceplecha et al. (1998) with trail radius eq. derived
by Jones & Campbell-Brown (2005) using dual-frequency
CMOR observations
I Finite velocity effect
I Depends on meteor height, speed, and range
I Depends on radar wavelength
I Correction: from Jones & Campbell-Brown (2005)
I Pulse repetition factor
I Depends on meteor height
I Depends on radar wavelength and pulse repetition frequency
I Faraday rotation
I Not corrected for; day-night symmetry assumed
Gain pattern
The true limiting quantity is the received power, PR :
PR ∝ q2α2 (λ/R)3 PT GT · GR(θ, φ)
I q - electron line density
I α - attenuation factor(s)
I λ - radar wavelength
I R - range
I GT · GR - gain pattern
Collecting area
I CMOR’s effective collecting
area is a function of
declination
I Characterized in
Campbell-Brown & Jones
(2006)
I (Correcting for this made
very little difference in the
speed distribution)
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Deceleration
I Meteors decelerate between atmospheric entry and detection
I Brown et al. (2004) derived a deceleration correction using
meteor showers
I Depends on meteor speed and height at detection
Computing the true out-of-atmosphere velocity for each echo requires an
estimate of the deceleration which has occurred in the atmosphere. To per-
form this correction, we examined 13 showers visible with CMOR having
previously well-measured geocentric velocities from photographic or video
techniques since early portions of the shower meteor trail (where deceleration
is least) can be used and/or decelerations directly measured. Examining those
meteors associated with each shower, a generally linear trend in apparent
velocity vs. height was noted. That is, shower members observed at lower
heights had (on average) lower velocities than those at higher heights, as
would be expected. Using data for each of the 13 showers, combined from all
years in which each shower was observed by CMOR, a linear fit of the
observed geocentric velocity vs. height per shower was constructed. Com-
paring this fit to the accepted geocentric velocity of the shower, an estimate of
the height at which no measurable deceleration occurs per shower (i.e. where
the observed geocentric velocity equals the literature value) and the loss of
speed at that height is made. Figures 1 and 2 show the resulting fits. By
combining data from all 13 showers used in this way, a single velocity cor-
rection factor was found of the form:
DVobs ¼ "ðð"0:0050098Vobs þ 0:5142Þðh" ð0:3362Vobs þ 86:6039ÞÞÞ ð1Þ
where DVobs is the expected change in the apparent velocity (in km s
)1) for an
echo obs rved at a height h (in km). Note that this deceleration applies
specifically to the CMOR system (29.85 MHz) and its range of observed
Figure 1. The apparent height at which noticeable deceleration begins for 13 diﬀerent showers
measured by CMOR. Apparent height is defined as the height at which the best fit line of
measured velocity vs. height intersects the accepted out-of-atmosphere velocity for the shower.
The size of each point is proportional to the log of the number of echoes used in the distri-
bution to determine the intersection height. The solid line is the number weighted least-squares
best fit.
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Velocity distribution debiasing
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Velocity distribution sharpening
Measurement uncertainty has a blurring effect
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Velocity distribution sharpening
Constructing a filter
I We use meteor showers to characterize our observation
“filter” ...
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Velocity distribution sharpening
Sharpening the raw distribution
I Next, we invert it (solve the N × N system of equations) to
obtain the sharpened distribution.
I Hyperbolic meteors disappear naturally.
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Velocity distribution sharpening
Sharpening the debiased distribution
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Can this be applied to MAARSY?
It would be great to compare MAARSY’s speed distribution with
CMOR’s using the same approach.
I Ionization efficiency: same
I Initial trail radius: substitute MAARSY’s wavelength
I Finite velocity effect: substitute MAARSY’s wavelength
I Pulse repetition factor: substitute MAARSY’s wavelength and
pulse repetition frequency
I Faraday rotation: Continue to ignore?
I Gain pattern: Substitute MAARSY’s?
I Collecting area: Characterize for MAARSY?
I Deceleration: Characterize for MAARSY?
I Distribution sharpening: Characterize for MAARSY?
I Observation limit: Characterize for MAARSY?
